Weld residual stress (RS) measurements are often undertaken on test-pieces which have been cut out from large components, yet it remains unclear to what extent the RS in testpieces are representative of those present in the original component. Similarly weld mechanical performance tests are frequently undertaken on cross-weld test-pieces without a proper understanding of the level or influence of retained RS. We present a systematic study of the relaxation of longitudinal RS in thin-plate butt welds produced using different materials and welding methods (FSW, Laser-MIG and pulsed MIG). In each case the RS were measured repeatedly in the same location as the welds were progressively and symmetrically cut down. Although cutting inevitably leads to stress redistribution, significant relaxation of the longitudinal RS was only observed when the weld length or width was reduced to below a certain value. This critical value appears to correlate with the lateral width of the tensile zone local to the weld-line and may be considered to be the characteristic length as defined in St. Venant's Principle. Further, it was found that the level of stress relaxation as a function of weld length for all the welds studied could be collapsed onto a single empirical curve using a simple approach based on the characteristic length scales of the weld. Given the range of materials and welding methods used, this relation appears to be of general use for thin plate welds, although further work is required to test the limits of its applicability.
INTRODUCTION
Weld stresses were among the first types of residual stress (RS) to be measured by neutron and synchrotron x-ray diffraction [1, 2] . They are a major source of concern for structural integrity assessments today [3] . In particular the longitudinal component of the RS can be a significant fraction of the yield stress in the weld and heat affected zone [4] .
Several stress engineering techniques have been developed to control RS, such as thermal tensioning [5, 6] , global mechanical tensioning [7] [8] [9] [10] [11] and roller tensioning [12] .
Investigating and optimizing the efficacy of these techniques requires a detailed knowledge of the RS profile. In many cases the welds are too long or cumbersome to be investigated in their entirety and smaller cross-weld test-pieces are cut out, either to measure the RS, or for weld performance evaluation [4] . According to the size of the removed test-piece the RS will be partially relaxed, which may lead to the RS measured being significantly less than those present in the original component. As a result the effect of RS on the component life cycle performance may be seriously underestimated.
Alternatively, failure to take account of the retained RS when undertaking cross-weld performance testing may result in a misleading impression of the weld properties. As a consequence some guidelines are required when excising samples in order to estimate the severity of this effect: the aim of this paper is to establish such guidelines based on experimental evidence. The typical RS distribution in butt welds has been described by Masubuchi [13] . The longitudinal RS, ó L , along the weld-line (line A-A in Fig. 1b ) are tensile and comparatively high over the essentially steady-state central region, but tend to decrease to zero towards the ends of the plate. The transverse RS, ó T, may also be tensile, but are normally much smaller and equilibrate along the weld-line by becoming compressive towards the ends of the weld. In contrast, the RS ó L lateral to the weld-line (line B-B in Fig. 1c) are tensile in the weld zone and balanced by compression towards the sides of the plate. The RS ó T on the other hand are only moderately tensile and tend to zero at the plate side edges. Cutting in the longitudinal or transverse direction leads to partial relaxation of these RS requiring a redistribution of stress to maintain self-equilibrium. For an arbitrary point this redistribution will depend on its distance from the cut region. It will be largely unaffected at large distances, as described qualitatively by St. Venant's Principle for a static load on the free end of a beam [14] . Toupin provided a mathematical interpretation of this Principle for the stored elastic energy U(s) per unit volume in a cylindrical beam of length l at a distance s from the end [15] :
where U(0) is the total stored energy and the dimensionless decay length constant s c (l) depends upon the elastic properties of the material. This reflects the fact that the effect of self-equilibrating RS decays exponentially over a short distance [15] . St. Venant referred to the extent of notable relaxation as the 'characteristic distance' [14] , while Toupin referred to the 'characteristic cross-section dimension' [15] . However these dimensions have not been defined in the context of thin plate butt welds.
In order to establish guidelines for the estimation of stress relaxation, the degree of longitudinal RS relaxation is quantified systematically upon sectioning welded plates in the longitudinal and transverse direction respectively. Energy-dispersive diffraction using synchrotron X-rays has been used to determine the RS across the weld-line at mid-length in 5 different types of butt-welds as they are progressively shortened or narrowed. Welds were produced in aluminum plate (AA2098 and AA7449) using the friction stir welding (FSW), and steel plate (S355) using hybrid laser-MIG and pulsed-MIG techniques.
EXPERIMENTAL

WELD TRIALS
Five butt welds were produced using different welding methods, materials and weld geometries ( 
RESIDUAL STRESS DETERMINATION
The longitudinal and transverse RS distributions were determined using synchrotron Xray diffraction measurements performed in the energy-dispersive mode on the highenergy beam line ID15A at the European Synchrotron Radiation Facility (ESRF), France.
A detailed description of the set-up may be found elsewhere [16] . In brief, it consists of two energy-discriminating detectors behind collimating slits each having a scattering angle of 5°= 2 è and placed such that the in-plane scattering vectors, Q, are orthogonal to each other (see Fig. 2b) ). Measurements were made in transmission with the nominal gauge volume set to 0.1 × 0.1 × 2.3 mm 3 . Whole pattern refinement was performed using GSAS [17] and the unit cell parameter a was extracted directly from the structural model.
The variation of the unstrained unit cell parameter a 0 in the 12.2 mm thick butt weld #2
was determined using the comb method, while in the thin welds a biaxial stress-state [18, 19] was assumed and the required normal direction was measured with the shortest length specimen orientated as shown in Fig. 2c ). However, a detailed description of both techniques is beyond the scope of this paper, but may be found in [7] . The transverse and longitudinal in-plane RS were determined along a single scan running normal to the welding direction, at the mid-length and mid-thickness of the weld as shown in Fig. 2a ) and d). The strain and hence the RS for the longitudinal and transverse directions were calculated according to [16] . After measuring the initial RS distribution, the test-piece lengths and widths were progressively shortened (#1 -#4) or narrowed (#5)
by removing an equal amount from each end/side thereby maintaining the measurement line at the mid-length and middle of the plate respectively as shown in Fig. 2a ) and d). For simplicity in the following the degree of stress relaxation will be taken to be characterized solely in terms of the magnitude of the longitudinal weld-line RS, rather than any changes in the shape of the stress distribution. The normalized weld-line RS for each sample as a function of normalized plate length are shown in Fig. 4 . As noted above, the RS are largely unaffected by material removal until a critical fraction of the weld length has been removed. Beyond this point the reduction in RS follows an exponential decrease which can be described by a simple empirical parametric equation [16] :
RESULTS
LONGITUDINAL SECTIONING
where ó is the longitudinal weld-line RS for the current weld length l, ó 0 is the RS in a long (strictly infinite) weld, l relax is the test-piece length at which there is essentially zero macroscopic RS and l char is the characteristic length. The latter may be reasonably compared to the 'characteristic distance' of St. Venant's Principle (i.e. stresses in a given location are unaffected by changes in loading if such changes occur beyond this distance from the area being measured [14, 15, 20, 21] ). The concept of a characteristic length is poorly defined in the literature, but essentially describes how the residual stresses change and redistribute upon the removal of material and it is this definition that is used here. It should be noted from the form of equation 2 that our expression is an essentially elastic relation in that the relaxed stress is linearly related to the initial stress. In this respect it might be anticipated that for most thin plate welds the cutting does not introduce significant plastic deformation. In the current case the respective l char and l relax parameters were determined by non-linear fitting to the measured data (Fig. 4) . For instance for the 4 mm thick S355 pulsed-MIG weld (#4), the fit to the data is consistent with values of 90 and 30 mm for l char and l relax respectively with a high quality of fit. That the RS approaches zero at l relax (0.06 = 30/500 in normalized units) is also clearly evident in Fig. 4 . It is noteworthy that in all welds l relax corresponds closely to the width of the tensile peak, w t , thus perhaps indicating that at this length the tensile region is no longer constrained to a meaningful degree by the surrounding material. Similarly empirical evidence suggests that l char is approximately three times w t , although the reason for this is not clear at the present time. From these observations equation 2 may be simplified by taking l relax = w t and l char = 3 × w t :
This simplification reduces the number of variables and has the advantage that the remaining variable, w t , can be determined directly from the RS distribution plot. The relaxation of stress expected on the basis of the empirical relation given by equation 3 using the w t values obtained from the RS distributions in Fig. 3 is shown in Fig. 5 and compared to the experimental data. The good agreement with equation 3 supports the hypothesis that the characteristic and relaxation lengths are both proportional to the width of the tensile region for these welds.
It also means that the data can all be collapsed onto a single relaxation line using equation 3 when the weld length is normalized by the width of the stress peak w t rather than the original weld length (l o ) , as shown in Fig. 6 . Furthermore, the excellent agreement evident in Fig. 6 suggests that it is possible to predict the amount of stress relaxation that would occur in a weld test-piece on cutting to a given length using a simple empirical relation without recourse to detailed finite element modeling as long as w t is known or can be estimated. For FSW, for example, the width of the tensile peak w t appears to be largely controlled by the diameter of the tool shoulder ø t . In the two FS welds investigated, w t is app. 1.5×ø t.
The literature reveals that this value does change somewhat as a function of alloy type, tool speed and the down force applied [7, 12, 22] . Nevertheless a value for w t estimated from the shoulder dimensions does provide a good indicator of the likely relaxation levels and suggests a guideline figure for the minimum size of test-pieces if little relaxation is required.
Finally, from Fig. 6 it can be seen that relaxation is less than 10% if the retained section of the weld is eight times longer than the tensile peak is wide. Thus, equation 3 permits an evaluation of the minimum length of a weld retained for a cross-weld sample to have negligible stress relaxation compared to the original weld. Conversely, it is possible, if undertaken carefully, to infer the unrelaxed RS level for a long (infinite) weld on the basis of measurements made on shorter sections. However, care must be taken when choosing the value for w t since, as noted above, it varies slightly as the retained weldlength decreases (Fig. 3) . Finally in cases where cross-weld tests are used to extract mechanical performance metrics [22] [23] [24] it may be desirable to remove the effects of RS.
In such a case it would be beneficial to choose a test-piece length less than the lateral width of the tensile zone w t so that RS are negligible.
TRANSVERSE SECTIONING
The magnitude of the longitudinal tensile RS might be expected to fall as the plate width containing the weld decreases. This is of concern because in many trials relatively narrow test plates are used, either for convenience or economy; in other cases narrow regions must be cut out of wider welded plates or structures for the purposes of evaluation. The extent of RS relaxation with decreasing plate width has been evaluated for test weld #5 and the results are summarized in Error! Reference source not found.. While the transverse RS are low and largely unaffected by progressive narrowing of the plate, the longitudinal RS decreases due to stress redistribution occurring so as to maintain stress balance within the plate. It is evident that while the shape of the longitudinal stress profile remains essentially constant as the plate is reduced in width, the profile begins to shift downwards when the plate becomes less than 300 mm wide. In fact, the weld-line RS (averaged over ±3 mm of the peak centre) falls from around ~480 to ~300 MPa as the width is reduced step-wise from 300 to 60 mm and the elastic strain from 2,150x10 -6 to 1,300x10 -6 (Fig. 7c ).
All residual stresses arise from an elastic accommodation of stress-free misfit [25] ; in this case between the near weld region which is longitudinally too small, and the parent plate further from the weld that is relatively longer. RS can normally be relaxed either by reducing the misfit itself, or by lessening the constraint offered by the surrounding material. In our case, the misfit can be reduced by plastic deformation of the weld or parent, while the constraint is clearly reduced by reducing the width of the plate. Fig. 7c shows the difference in elastic strain between the edge and the centre of the plate which for a long weld is essentially equal to the stress-free misfit between weld and parent. Figure 7c . In other words the stress-free misfit is decreased by only ~300×10 -6 by the cutting procedure indicating that the stresses have been relieved primarily elastically rather than by plastic deformation.
Assuming stress balance and simple downward shifting of the peak longitudinal RS , as the plate width, w, narrows, the remnant RS can be inferred by applying stress balance to the tensile (w t ) and compressive (w-w t ) regions from the initial peak RS  o , that would arise in an infinitely wide plate, by using a simple parametric equation:
where w t again is the width of the tensile stress peak as defined earlier from the RS profile. In the current case we can infer from equation 4 that the stress in an infinite plate,  o of ~500 MPa and 33 mm for w t , a value very close to that of the actual width of the stress peak in Fig. 7b ), result in a stress relaxation curve that fits the experimental data well. From these results it can be concluded that simple stress re-equilibrium described by equation 4 reflects the longitudinal stress reduction behavior for progressive reduction of the width of a welded plate surprisingly well. 
CONCLUSIONS
In this paper we have investigated the extent of elastic relaxation of RS in thin welded plates that are progressively cut-down to form test-pieces of shorter and shorter length, or narrower width. With regard to a reduction in retained weld length for cross-weld samples, the relaxation behavior for welds produced in different materials and with different welding methods was found to collapse onto a single empirical relaxation curve using just the width of the stress peak, w t , as a governing parameter in a simple exponential equation. From this equation the minimum length of test-pieces needed when making stress measurements to maintain the RS at 90% of its unrelaxed value was found to be eight times the stress peak width. For shorter test-pieces the relation could be used to back-calculate the unrelaxed stress state that would arise for a long weld. As a consequence, in order to attain a maximum steady state welding RS the weld length should be some seventeen times as long as the tensile zone is wide even neglecting startup and stop issues. Conversely if the length of the weld in the test-piece is approximately equal to the width of the longitudinal stress peak then the RS are likely to be almost completely relaxed in the mid-length of the test-piece. While the utility of this relationship has been investigated for a range of thin butt welds in thin plate, further work needs to be conducted to investigate whether it is also applicable to thicker welds. In this respect it should be borne in mind that thick welds can have high multi-axial stresses which may introduce plastic deformation on cutting or out of plane bending that may complicate the analysis.
With regard to the reduction of the width of the welded plate, the largest longitudinal tensile stresses would be expected in a plate of infinite width. It has been shown that reducing the plate width reduces the maximum longitudinal tensile stresses in the weldline primarily by shifting the overall profile downwards in order to establish a balancing compressive stress in the parent material, while the shape of the stress profile is maintained. In this case, the redistribution in order to achieve stress balance as the constraining effect of the parent plate is reduced is essentially achieved elastically with relatively little reduction in the stored misfit strain. Again a simple analytical equation based on stress balance for the derivation of the fall in peak tensile longitudinal stress was established allowing those stresses that would arise in a wide plate to be calculated from measurements of a narrow one. This effect should also be borne in mind when welding narrow plates to assess RS.
By contrast to the longitudinal stresses the transverse stresses were not affected, neither when reducing the length nor the width of the test welds.
